Amniotes, mammals, reptiles, and birds form common extraembryonic membranes during development to perform essential functions, such as protection, nutrient transfer, gas exchange, and waste removal. Together with the maternal uterus, extraembryonic membranes of viviparous (live-bearing) amniotes develop as an endocrine placenta that synthesizes and responds to steroid hormones critical for development. The ability of these membranes to synthesize and respond to steroid hormone signaling has traditionally been considered an innovation of placental amniotes. However, our laboratory recently demonstrated that this ability extends to the chorioallantoic membrane (CAM) of an oviparous (egg-laying) amniote, the domestic chicken, and we hypothesized that steroidogenic extraembryonic membranes could be an evolutionarily conserved characteristic of all amniotes because of similarities in basic structure, function, and shared evolutionary ancestry. In this study, we examined steroid hormone synthesis and signaling in the CAM of another oviparous amniote, the American alligator (Alligator mississippiensis). We quantified mRNA expression of a steroidogenic factor involved in the regulation of steroidogenesis (NR5A1), the key steroidogenic enzymes involved in the synthesis of progestins (HSD3B1), androgens (CYP17A1), and estrogens (CYP19A1), and the receptors involved in the signaling of progestins (PR), androgens (AR), estrogens (ESR1 and ESR2), and glucocorticoids (GR). Furthermore, we performed protein immunolocalization for PR and ESR1. Collectively, our findings indicate that the alligator CAM has the capability to regulate, synthesize, and respond to steroid hormone signaling, thus, supporting our hypothesis that the extraembryonic membranes of Amniota share a unifying characteristic, that is, the ability to synthesize and respond to steroid hormones.
INTRODUCTION
The chorioallantoic placenta of mammals is an endocrine organ that functions in the synthesis, transport, and metabolism of numerous hormones, including steroid hormones, during pregnancy [1] . The mammalian placenta also performs steroidogenic functions crucial for the survival, development, and health of the developing embryo [2, 3] . Recent studies have suggested that disruption of these normal placental steroidogenic functions not only affects the embryo during pregnancy, but also can have long-lasting effects that carryover into adulthood, a condition referred to as the fetal or embryonic origins of adult disease [4, 5] . While it is now understood that steroid hormone synthesis and signaling is a critical function of the placenta, the evolution of these functions in this organ is poorly understood. We have hypothesized previously that the ability of the amniote placenta to perform steroid biosynthesis and respond to steroid hormone signaling likely evolved in the extraembryonic membranes of an oviparous ancestor [6, 7] .
The formation of common extraembryonic membranes (amnion, allantois, chorion, and yolk sac) during development is a defining characteristic of amniotes, a clade that includes mammals, reptiles, and birds [8] . The chorioallantoic placenta is a composite organ composed of a maternal and an embryonic contribution, and within amniotes, the chorioallantoic placenta evolved in concert with the transition from oviparity (egg laying) to viviparity (live birth) [6, 9] . The maternal contribution to the placenta consists of uterine tissues, whereas the embryonic contribution consists of extraembryonic membranes [10] . The embryonic components to the placenta (i.e., the amnion, allantois, chorion, and yolk sac) are present in all amniotes, regardless of parity mode [6] . For instance, the apposition of chorion and allantois forms the chorioallantois, which lines the inner surface of the eggshell and is referred to as the chorioallantoic membrane (CAM) in oviparous amniotes. In viviparous amniotes, these membranes appose to the maternal uterus and form the chorioallantoic placenta [11, 12] .
Prior to the early 1900s, the mammalian placenta was considered to primarily function as an organ of protection, nutrient transfer, gas exchange, and waste removal. An endocrine role for the mammalian placenta was first suggested by Joseph Halban in 1905 (as cited in [13] ), and for more than half a century, an endocrine placenta was viewed as an exclusive trait of eutherian mammals. However, eutherian mammals are not the only amniotes that reproduce by viviparity and form a placenta. In fact, within the squamate reptiles (lizards and snakes), viviparity and placentation has evolved independently over 100 times [14, 15] . Although first described in the 1930s, the reptilian placenta, like its mammalian counterpart, was thought to act primarily in protection, nutrient transfer, gas exchange, and waste removal, but in the early 1980s, an endocrine role for the squamate placenta was identified (for reviews, see [6, 12, 16] ). Subsequently, a steroidogenic placenta has now been documented in three species of viviparous lizards [17] [18] [19] , indicating that a steroidogenic placenta is not an innovation of eutherian mammals [6] .
Currently, the extraembryonic membranes of oviparous amniotes are believed to function in the same primary roles that the placenta was assumed to perform before an endocrine role was discovered, that is, protection, nutrient transfer, gas exchange, and waste removal. Yet, it has now been established that both the maternal tissues and the extraembryonic membranes contribute to steroidogenesis in mammalian [20] [21] [22] and lizard [17] placentas. Therefore, one could hypothesize that the extraembryonic membranes of oviparous amniotes, sharing a conserved evolutionary history, could also perform steroidogenesis. Recently, our laboratory reported that the extraembryonic membranes of an oviparous amniote, the CAM of the chicken (Gallus gallus), has the capability to synthesize and respond to the signaling of progesterone (P 4 ) [7] . We demonstrated that the chicken CAM exhibited mRNA expression of steroidogenic enzymes involved in P 4 biosynthesis, was capable of in vitro P 4 synthesis, and exhibited mRNA and protein expression of the progesterone receptor (PR). This indicated that steroidogenic extraembryonic membranes are not an exclusive characteristic of viviparous amniotes, and we hypothesized that steroidogenic extraembryonic membranes are an evolutionarily conserved characteristic of all amniotes [7] .
Here, we investigated this hypothesis by examining steroid biosynthesis and hormone signaling in the CAM of another oviparous amniote, the American alligator (Alligator mississippiensis). Like birds, no crocodilian species has ever been shown to exhibit viviparity. If the alligator CAM is capable of steroid synthesis and signaling, then it should express the enzymes required for steroid hormone biosynthesis and the receptors required to respond to steroid hormone signaling. First, we investigated whether the alligator CAM demonstrated expression of mRNA coding for the nuclear receptor 5A1 (NR5A1, also named steroidogenic factor-1), a key regulator of steroidogenesis [23] and hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1 (HSD3B1), cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1) and cytochrome P450, family 19, subfamily A, polypeptide 1 (CYP19A1), the key steroidogenic enzymes involved in the synthesis of progestins, androgens, and estrogens, respectively [24] (Fig. 1) . Second, we investigated if the alligator CAM demonstrates expression of mRNA coding for PR, androgen receptor (AR), glucocorticoid receptor (GR), estrogen receptor a (ESR1), and estrogen receptor b (ESR2), the key receptors associated with the signaling of progestins, androgens, glucocorticoids, and estrogens, respectively [25] . In addition, we performed protein immunolocalization to establish that steroid receptor mRNA was translated to proteins, in this case, the PR and ESR1.
In crocodilians, sex is determined by incubation temperature during a critical window of embryonic development, referred to as the thermo-sensitive period (TSP). In the American alligator, the TSP occurs during the embryonic stages 21 to 24 [26] , and eggs incubated at 33.08C-33.58C result in the development of male gonads whereas, eggs incubated at 308C result in the development of female gonads [26, 27] . In the placenta, gene expression has been observed to vary during the course of pregnancy [28, 29] and between male and female fetuses [30] . Therefore, we examined whether steroidogenic factor, enzyme, and steroid receptor mRNA expression in the CAM changes between the 1) three embryonic stages corresponding to the stages before, during, and after the TSP of sex determination, or 2) incubation temperatures that give rise to male or female embryos. General overview of the steroid hormone biosynthetic pathway. Cholesterol, which is the substrate for de novo steroid hormone synthesis and steroidogenesis, proceeds by the conversion of one hormone to another by the action of specific enzymes (italicized general class abbreviations shown above arrows, see legend for full gene names). The gray-shaded region reflects the stress hormone pathway whereas the unshaded regions depict synthesis of sex steroid hormones.
MATERIALS AND METHODS

Egg Collection and Sample Preparation
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the University of Florida for incubation. Within 48 h of arrival, eggs were candled to assess viability, and embryos from two to three eggs per clutch were used to determine the average embryonic stage of the clutch based on criteria described by Ferguson [31] . Eggs from each clutch were randomly selected and evenly distributed for incubation either at a female-producing temperature (FPT) of 308C or a male-producing temperature (MPT) of 338C. At stages 19, 23, and 25, CAMs were removed from the egg and washed in 13 phosphatebuffered saline (PBS).
RNA Isolation, Reverse Transcription, and Real-Time Quantitative PCR CAM was placed in the RNA preservative, RNAlater solution (Ambion), at 48C overnight and stored at À208C until RNA isolation. Total RNA was isolated from CAM with TRIzol reagent (Invitrogen Life Technologies), purified with the SV Total RNA Isolation System (Promega), and reverse transcribed with the iScript cDNA Synthesis Kit (Bio-Rad). Total RNA was treated with ribonuclease-free deoxyribonuclease I (DNase I; Qiagen) to remove any genomic DNA contamination. Concentrations and quality of RNA samples were evaluated by measuring optical density with a NanoDrop ND-1000 (Thermo Scientific) and by formaldehyde gel electrophoresis. One microgram of total RNA was reverse transcribed in a 20-ll reaction mixture, and cDNA was stored at À208C until real-time quantitative PCR (RT-qPCR) analysis.
RT-qPCR analysis was performed on CAM samples from eggs incubated at either the FPT or MPT at embryonic stages 19 (FPT n ¼ 8, MPT n ¼ 8), 23 (FPT n ¼ 8, MPT ¼ 10), and 25 (FPT n ¼ 12, MPT n ¼ 9). Complementary DNA was analyzed in triplicate by RT-qPCR amplification using an iCycler MyIQ Single Color Real-Time PCR Detection System (Bio-Rad). Each 15-ll DNA amplification reaction contained 10 mM Tris-HCl (pH 7.84), 50 mM KCl, 3 mM MgCl 2 , 200 lM deoxyribonucleotide triphosphates, 0.5% Tween-20, 0.8% glycerol, 2% dimethyl sulfoxide, 0.53 SYBR Green (Invitrogen), 0.01 lM fluorescein calibration dye (Bio-Rad), 0.2 lM of each primer, 0.01 unit/ll AmpliTag Gold DNA polymerase (Applied Biosystems), and 25-fold dilution of cDNA. RT-qPCR amplification conditions included an enzyme activation step of 958C (8 min) followed by 40 cycles (internal control genes) or 50 cycles (target genes) of 958C (15 sec) and a primer specific combined annealing/extension temperature (1 min). The specificity of amplification was confirmed by melt-curve analysis. Primer pairs were combined and diluted to a final concentration of 10 lM. Primer sequences, annealing/extension temperatures, and GenBank accession number or reference are reported in Table 1 .
Triplicate data for each gene were averaged, and mRNA expression levels were determined by the absolute quantification method [32] in which copy numbers were calculated from the cycle threshold value by the linear regression of an absolute standard curve. Absolute standard curves for each target gene were generated from a plasmid containing the amplicon of interest at known concentrations as previously reported [7] . Controls lacking cDNA template were included on every RT-qPCR plate to determine the specificity of the target cDNA. Additionally, to confirm that target cDNA was not contaminated by genomic DNA, RT-qPCR was performed with the internal control gene, ribosomal protein L8 (RPL8), on the RNA isolated from every sample.
Immunohistochemistry and Microscopy
CAM was fixed in 4% paraformaldehyde at 48C overnight. Tissues were washed in 13 PBS and stored in 75% ethanol at 48C. CAMs were dehydrated, paraffin embedded, and sectioned at 8 lm. Tissue sections were deparaffinized in citrosolv and rehydrated through graded concentrations of ethanol to deionized water. Immunohistochemistry was performed using the Vectastain Universal Quick Kit, R.T.U. (Vector Laboratories) as previously described [7] . CAM sections from stage 19 (n ¼ 3), stage 23 (n ¼ 2), and stage 25 (n ¼ 3) were incubated at a 1:50 dilution of mouse monoclonal anti-progesterone receptor antibody (Ab-8) or a 1:1000 dilution of mouse monoclonal anti-estrogen receptor (Ab-10) (Thermo Scientific). Antibody dilutions were optimized to maximize specific staining and minimize background. Sections were treated with 3,39-diaminobenzidine (Vector Laboratories) for 1.5 min for PR or 30 sec for ESR1 and washed in running tap water for 5 min. A control section receiving normal horse serum in place of primary antibody was included on every slide. Slides were dehydrated, cleared, and mounted with Permount mounting media (Fisher Scientific). Sections were imaged using a Nikon Eclipse E600 microscope under differential inference contrast (DIC) Media Cypernetics camera with Image Pro Plus software.
Statistical Analysis
All the statistical analyses were performed in the R statistical programming environment version 2.13.1 [33] . For gene expression analyses, the total numbers of mRNA transcripts for three internal control and nine target genes from the CAM were determined by RT-qPCR. For internal control gene analysis, we used linear mixed effects models (LMMs) to estimate mRNA expression. In these analyses, embryonic stage and incubation temperature were treated as fixed effects on mRNA expression, and RT-qPCR plate was treated as a random effect. Model assumptions were evaluated visually via examination of residuals and quantile-quantile (QQ) plots, and log or square-root transformations were performed when necessary to normalize the errors.
To quantify the relative expression of target genes, we normalized each sample to 18S ribosomal 1 (RN18S1) expression for comparisons of embryonic stage effects within an incubation temperature and to actin-beta (ACTB) expression for comparisons of incubation temperature effects within each embryonic stage. We used two different normalization genes for these analyses because we were unable to isolate a control gene that was unaffected by both . We used LMMs to compare relative mRNA expression for the three embryonic stages. In these analyses, the embryonic stage was treated as a fixed effect, and RT-qPCR plate and maternal clutch were treated as random effects. The estimates for the random effects of maternal clutch were near zero and did not significantly reduce model deviance and were excluded from the model for all genes except NR5A1 and CYP17A1 at the FPT. The model assumptions were evaluated visually via examination of residuals and QQ plots, and log or squareroot transformations were performed when necessary to normalize errors. Outliers were identified from residuals and QQ plots and removed from the study (note that inclusion of outliers did not change the patterns of inference, but were excluded from the final analysis because they have a disproportionate influence on mean estimates and caused violations of normality). The assumption of homogeneity of variances was met for all the genes. Two samples were lost in preparation for the RT-qPCR run of NR5A1 and account for the difference in the number of starting samples for NR5A1 as compared to the other genes.
To analyze the incubation temperature effects within an embryonic stage on each target gene, we used unpaired, two-sided Student t-test to compare means from CAMs incubated at the FPT to means from CAMs incubated at the MPT within each embryonic stage. Data were log transformed when necessary to normalize errors and the Welch (Satterthwaite) approximation for the effective degrees of freedom was used when homogeneity of variances could not be achieved via transformation.
RESULTS
Internal Control Expression among Embryonic Stages and Between Incubation Temperatures
Each of our internal control genes changed significantly with developmental conditions. We found that both ACTB (F 2, 47 ¼ 17.2, P , 0.0001) and RPL8 (F 2, 47 ¼ 33.04, P , 0.0001) expression was different among the embryonic stages, but neither ACTB (F 1, 47 ¼ 2.17, P ¼ 0.15) nor RPL8 (F 1, 47 ¼ 0.39, P ¼ 0.53) were differentially expressed between incubation temperatures (Fig. 2, A and B) . In contrast, RN18S1 expression was not different among embryonic stages (F 2, 47 ¼ 1.13, P ¼ 0.33), but was differentially expressed between the two incubation temperatures (F 1, 47 ¼ 10.61, P ¼ 0.002) (Fig. 2C) . In an attempt to correct for this problem, the geometric mean was calculated according to geNORM [34] , which generated a normalization factor (NF) for each sample. Unfortunately, the NF was also different among embryonic stages as well as between 
Steroidogenic Factor, Enzyme, and Steroid Receptor Expression among Embryonic Stages
At both the female and male producing temperatures, there was significant mRNA expression of the steroidogenic factor and enzymes (Table 2 ) and mRNA expression levels exhibited the general pattern NR5A1 . HSD3B1 ' CYP17A1 . CYP19A1 (Fig. 3, A-D ). At FPT, the level of expression did STEROIDS AND THE ALLIGATOR CAM not change significantly among embryonic stages for CYP19A1 (Table 2 , Fig. 3D ). However, mRNA expression of NR5A1 decreased 2.6-fold, HSD3B1 decreased 7.5-fold, and CYP17A1 decreased 6.5-fold between embryonic stages 19 and 25 (Fig.  3, A-C) . At MPT, mRNA expression of NR5A1 decreased 2.4-fold, HSD3B1 decreased 9-fold, and CYP17A1 decreased 4.5-fold between embryonic stages 19 and 25 (Fig. 3, A-C) . In contrast, CYP19A1 expression increased 1.5-fold between embryonic stages 19 and 25 (Fig. 3D) .
At both incubation temperatures, there was significant expression of steroid receptor mRNA (Table 2) , and the expression levels exhibited the pattern GR . ESR1 . PR . AR . ESR2 (Fig. 3, E-I) . At the FPT, the level of expression did not change significantly among the embryonic stages for PR (Table 2, Fig. 3E ). However, mRNA expression of AR decreased 3.8-fold and GR and ESR1 both decreased 2-fold between embryonic stages 19 and 25, whereas ESR2 expression increased 12.3-fold between embryonic stages 19 CRUZE ET AL. and 25 (Fig. 3, F-I) . At the MPT, the expression of ESR1 did not change significantly among the embryonic stages (Fig. 3H) . However, the expression of PR decreased 1.8-fold, AR decreased 4-fold, and GR decreased 2.8-fold between embryonic stages 19 and 25 (Fig. 3, E-G) , whereas ESR2 increased 2-fold between embryonic stages 19 and 23 (Fig. 3I ).
Steroidogenic Factor, Enzyme, and Steroid Receptor Expression Between Incubation Temperatures
Next, we examined the effect of incubation temperature on the level of mRNA expression at three embryonic stages (Table  3 , Fig. 4 ). At embryonic stage 19, the expression of CYP17A1 and CYP19A1 was not different between CAMs incubated at the FPT or MPT (Fig. 4, C and D) . However, NR5A1 expression was 1.5-fold greater and HSD3B1 expression was 2.8-fold greater in CAMs incubated at the MPT than at the FPT (Fig. 4, A and B) . Additionally at stage 19, the expression of AR, GR, and ESR1 was not different between CAMs incubated at the FPT or MPT (Fig. 4, F-H) , whereas PR expression was 1.3-fold greater and ESR2 expression was 4-fold greater in CAMs incubated at the MPT than at the FPT (Fig. 4, E and I) .
At embryonic stage 23, the expression of steroidogenic factor and enzyme mRNA was not different between CAMs incubated at the FPT or the MPT (Table 3 , Fig. 4 A-D) . Likewise, the expression of PR, AR, and ESR2 was not different between the incubation temperatures at this stage (Fig.  4 , E, F, and I). However, GR expression was 1.4-fold greater and ESR1 expression was 1.9-fold greater in CAMs incubated at the FPT than the MPT (Fig. 4, G and H) . Finally, at embryonic stage 25, expression of steroidogenic factor and enzymes, as well as the expression of steroid receptor mRNAs was not different between CAMs incubated at the FPT or the MPT (Fig. 4, A-I ).
PR and ESR1 Immunolocalization
We performed immunolocalization of the nuclear PR and ESR1 and observed that both PR (Fig. 5, A and B) and ESR1 (Fig. 5, C and D) were predominately localized to the nucleus in the chorionic epithelium and in the epithelial cells of mesenchymal blood vessels. Positive nuclear staining for both PR and ESR1 was also present to a lesser degree in the allantoic epithelium and mesenchyme.
DISCUSSION
All amniote embryos form the same extraembryonic membranes during development; thus, studies of steroid hormone synthesis and signaling in the chorioallantoic membrane from oviparous species can increase our understanding of how the chorioallantoic placenta evolved as an endocrine organ in viviparous species. Albergotti et al. [7] were the first to evaluate the presence of steroidogenic enzymes in the CAM of an oviparous amniote and found that the chicken CAM exhibited mRNA expression of steroidogenic acute regulatory protein (StAR), cytochrome P450 11A1 (CYP11A1), HSD3B1, CYP17A1, and hydroxysteroid (17-beta) dehydrogenase (Fig. 1) . Like the chicken, the alligator CAM exhibited mRNA expression of HSD3B1 and CYP17A1. In addition, we have shown that the expression of mRNA coding for CYP19A1 and the steroidogenic factor NR5A1 for the first time in the CAM of an oviparous amniote. The presence of steroidogenic factor and enzyme mRNAs suggests that the alligator CAM has the potential to regulate and synthesize steroid hormones.
In mammalian placentae, there are species-specific differences in the steroidogenic factors and enzymes expressed and the corresponding hormones synthesized [1] . HSD3B expression and the ability to synthesize P 4 appears to be a fundamental characteristic of mammalian placentae (except canine) [29, [35] [36] [37] , although species differences are evident in the isoforms of HSD3B expressed [24] . CYP17A1 expression and androgen biosynthesis is present in the placenta of many species, such as rat, pig, sheep, and cow [28, 35, 36, 38, 39 ], but appears to be lacking in the placenta of others, such as nonhuman primates, requiring these species to utilize a nonplacental source of androgens for placental synthesis of estrogens [1, 40, 41] . Expression of CYP19A1 and the ability to synthesize estrogens is again found in the placenta of many species, such as human, horse, cow, pig, and sheep; however, this ability is lacking in the mouse and rat placenta [35, 39, 42, 43] . In the alligator CAM, NR5A1 was more highly expressed than any of the steroidogenic enzymes examined, suggesting a role for NR5A1 in the regulation of steroidogenesis in this tissue. Likewise, HSD3B1 and CYP17A1 were expressed at greater relative levels than CYP19A1, possibly suggesting that the CAM synthesizes progestins and androgens at a higher level than estrogens. Given that eutherian placentae vary in how steroidogenesis is accomplished and what steroid hormones are synthesized, it is not surprising that the alligator CAM would also reflect differences in the relative levels of steroidogenic enzymes expressed and the potential steroid hormones synthesized. Unfortunately, there is very little known concerning how the relative levels of steroidogenic factor, enzyme, and steroid receptor mRNA compare to one another in mammalian placentae. Many studies have identified the presence of or quantified the expression of one or two of these factors in a single study, but to the best of our knowledge, a comparison of the relative levels of mRNA as undertaken here in the CAM has not been conducted in eutherian placentae. Albergotti et al. [7] reported that the chicken CAM exhibited both mRNA and protein expression for the PR and mRNA expression for ESR1. Like the chicken, PR and ESR1 mRNAs were present in the alligator CAM, and we have also shown mRNA expression of AR, GR, and ESR2 for the first time in an oviparous CAM, suggesting oviparous extraembryonic membranes have the potential to respond to steroid hormone signaling, if these mRNAs are translated to protein. Such translation to protein has been documented, in this study, for at least two of the steroid receptors examined, PR and ESR1. As with the steroidogenic factor and enzymes reported above, future work has to examine the translation of mRNAs into active proteins before we can establish function or signal reception in the alligator CAM.
In the placenta, GR in conjunction with the placental enzyme, 11b-hydroxysteroid dehydrogenase (11b HSD), which catalyzes the interconversion of biologically active and inactive glucocorticoids, are important regulators of glucocorticoid action [44] . Glucocorticoids have been shown to influence placental gene expression [45] [46] [47] , placental and fetal growth [47] , placental vascularity [48] , and timing of birth [49] . During pregnancy, the human placenta synthesizes increasing concentrations of estradiol-17 (E 2 ) and P 4 [50] . Estradiol-17, acting through ESR1, has been suggested to promote normal placental development [51] , and both ESR1 and ESR2 appear to play a role in human trophoblast differentiation [52] . Estradiol-17 also plays a role in the regulation of placental P 4 synthesis, which occurs in conjunction with autoregulation by P 4 , acting through PR [50, 53] . Progesterone is not only instrumental in the maintenance of pregnancy [40] and timing of parturition [54] , but has also been shown to promote placental [55, 56] and fetal [56] growth and is suggested to play a role in human fetoplacental vascularization [57, 58] . AR mediated actions of androgens on the placenta remain speculative at this point; however, recent work has demonstrated the presence of AR mRNA and protein in human placenta and also noted that AR mRNA expression is increased in placentae from preeclamptic pregnancies, suggesting a role for androgens in placental vascular reactivity [59] . Currently, we can only hypothesize about the role of steroid hormones in the alligator CAM. We suggest that steroid hormones could have similar roles as in eutherian placentae and act to regulate gene expression, influence differentiation, development, growth, and vascularization of the CAM as well as play a potential role in the maintenance of embryonic development, timing of hatch, and growth of the embryo.
Placental gene expression has been observed to vary with development [28, 29] and fetal sex [30] . We therefore investigated whether steroidogenic factor, enzyme, and steroid receptor mRNA expression in the CAM varies among the embryonic stages corresponding to before, during, and after the TSP or the incubation temperatures, which give rise to either a male or female embryo. Overall, we found that all of the genes examined varied among the embryonic stages of our study either at one or both of the incubation temperatures and several genes were expressed differently between incubation temperatures, indicating that steroidogenic factor, enzyme, and steroid receptor mRNA expression are affected by conditions, such as developmental stage or temperature. With the exception of CYP19A1, which increased in expression between stages 19 (before sex determination) and 25 (after sex determination) in CAMs incubated at the MPT, and ESR2, which increased in expression between stages 19 and 25 in CAMs at both incubation temperatures, all of the genes exhibiting significant changes among embryonic stages showed decreased expression at stage 25 relative to stage 19 or 23.
Although the placenta has historically been viewed as an organ unaffected by fetal sex, a growing number of studies report sexually dimorphic patterns of placental gene expression (as reviewed in [60] ). For example, Mao et al. [61] reported that expression of several isoforms of HSD3B as well as ESR1 in the rodent placenta are influenced by fetal sex and maternal diet. Within the same dietary groups, ESR1 was upregulated in placentae of female fetuses relative to males and Hsd3b5 was upregulated in placentae of male fetuses relative to females [61] . At the embryonic stage immediately prior to the TSP, we observed that the alligator CAM exhibited a temperaturedependent pattern of expression of NR5A1, HSD3B1, PR, and ESR2 with CAMs incubated at the MPT showing higher levels of expression than those incubated at the FPT. Additionally, we found that during the TSP, the alligator CAM showed a temperature-dependent pattern of expression of GR and ESR1 with CAMs incubated at the FPT showing higher levels of expression than those incubated at the MPT. While the underlying molecular mechanisms of temperature sex determination (TSD) remain unresolved, it has been suggested that temperature can either directly or indirectly stimulate or suppress the expression of steroidogenic factors, enzymes, and steroid receptors [62] [63] [64] [65] that could play a role in TSD. Because gonadal sex has yet to be determined at embryonic stage 19 in the alligator, the temperature-dependent expression that we observed at this stage could simply be a direct or indirect result of incubation temperature, that is, the higher temperature of the MPT enhanced CAM expression of NR5A1, HSD3B1, PR, and ESR2. Conversely, it could suggest that embryo and CAM physiology is actually different between embryos fated to develop as male or female prior to the stage where gonad morphological differentiation becomes evident. Likewise, the temperature-dependent expression of ESR1 and GR observed in the CAM during the period of sex determination could again simply be a result of incubation temperature or it could reflect a sexually dimorphic pattern of gene expression in this tissue. Future work should focus on distinguishing between these possibilities.
Albergotti and Guillette [6] suggested a model for the evolution of endocrine function in extraembryonic membranes in which the CAM evolved the ability to biotransform yolk steroids as well as synthesize steroid hormones de novo. It is well established that the yolk of oviparous amniotes is a rich source of maternally derived steroid hormones [66] . While the majority of studies have focused on the abundance and distribution of testosterone (T) and E 2 in the yolk, recent work has indicated that P 4 is present in considerably greater concentrations than both E 2 and T in yolk obtained from the eggs of the American alligator [67] . Typically, yolk steroid concentrations are initially high and then begin to decline at some point during embryonic development [68] [69] [70] . Yolk P 4 concentrations are highest at oviposition and then decline through embryonic development in the red-eared slider turtle (Trachemys scripta) [68] . Yolk T and E 2 concentrations are relatively stable between embryonic stages 16 to 21 in the American alligator but then decline dramatically in subsequent stages [71] . If the CAM is indeed capable of converting maternal yolk steroids, then decreasing yolk steroids through development could result in decreased substrate available for these processes.
In addition to maternal yolk steroids, another possibility is that the CAM may utilize hormones synthesized by the embryo. We hypothesize that the CAM plays a role in the biotransformation of steroid hormones deposited in the yolk and synthesized by the embryo. Steroid metabolism in eutherian placentae facilitates the regulation of maternal and fetal hormone environments, and the placenta is commonly thought of as a barrier that metabolizes active hormones to inactive metabolites to prevent the diffusion of potentially harmful hormones between the mother and fetus. However, metabolism of biologically inactive steroid metabolites to their active forms is also an important feature of placentae. For example, estrogen sulfotransferase in placentae catalyzes the sulfoconjugation of active estrogens and renders them hormonally inactive [2, 72] , whereas steroid sulfatase catalyzes the hydrolysis of inactive, conjugated steroids and converts them into biologically active hormones [2, 73] . It was recently reported that estrogen sulfotransferase activity is increased in the yolk and extraembryonic membranes of the red-eared slider turtle [69] during the period of incubation when yolk E 2 concentrations have been observed to decline naturally [69] and that radioactively labeled E 2 was shown to be converted to a water-soluble metabolite [74] . From these observations, the authors suggested that the extraembryonic membranes of oviparous amniotes may serve an important role in metabolizing maternal steroids, just as they do in placental mammals [75] .
Our studies in the chicken [7] and alligator suggest that the oviparous CAM of archosaurs (crocodilians and birds) share the ability to synthesize steroid hormones. In addition, these two studies suggest that at the expressed mRNA and protein levels, the archosaurian CAM shares the ability to respond to steroid hormone signaling. Collectively, our findings support the hypothesis that steroidogenesis and steroid hormone signaling of extraembryonic membranes could be an evolutionary conserved characteristic of amniotes, not a phenomenon associated with the evolution of viviparity in amniotes. However, more work is needed, and future studies should attempt to investigate steroid biosynthesis and hormone signaling in extraembryonic membranes of other oviparous amniotes.
